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Abstract: Respiratory viral infections, including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), are among the most common illnesses and a leading cause of morbidity and mortality
worldwide. Due to the severe effects on health, the need of new tools to study the pathogenesis of
respiratory viruses as well as to test for new antiviral drugs and vaccines is urgent. In vitro culture
model systems, such as three-dimensional (3D) cultures, are emerging as a desirable approach to
understand the virus host interactions and to identify novel therapeutic agents. In the first part of the
article, we address the various scaffold-free and scaffold-based 3D culture models such as hydrogels,
bioreactors, spheroids and 3D bioprinting as well as present their properties and advantages over
conventional 2D methods. Then, we review the 3D models that have been used to study the most
common respiratory viruses including influenza, parainfluenza, respiratory syncytial virus (RSV)
and coronaviruses. Herein, we also explain how 3D models have been applied to understand the
novel SARS-CoV-2 infectivity and to develop potential therapies.

Keywords: 3D culture models; spheroids; respiratory viruses; coronaviruses; COVID-19

1. Introduction

Understanding host responses to microorganisms as well as the virulence traits em-
ployed during host-pathogen interactions are key for drug design and development. Cur-
rently, the majority of our knowledge and understanding of the mechanisms of viral
pathogenicity and the host response to infection is based upon studies that have been
carried out using traditional 2D methods, with cells grown on flat plastic dishes. Although
these simplified culture systems are essential to gain an insight into the fundamentals
of host-pathogen interactions, cells in 2D are not exposed to the same conditions as cells
in 3D tissues in the body and are therefore a poor representation of the in vivo microen-
vironment [1]. Current 2D cell culture methods lack the complex biological processes
that occur in tissues in vivo [2–5]. Consequently, the analyzes of infectious diseases and
their pathogenic mechanisms in these flat cultures may be misleading, even contradictory,
therefore restricting therapeutic implementation which might explain the unsuccessful
attempts to develop effective therapeutic drugs and vaccines [5,6].

In an attempt to recreate the complex microenvironment that pathogenic microorgan-
isms encounter in the host tissues they infect, and for a more comprehensive understanding
of host–pathogen interactions, the use of 3D culture systems is gaining increasing atten-
tion. 3D culture models will promote direct cell-cell contact, interactions of cells with the
ECM and in-vivo like exchange of soluble factors; thus, allowing cells to more closely
resemble the in vivo parental tissue than did their 2D monolayer counterparts. Thus, data
gained from 3D in vitro methods can help to bridge the gap between conventional 2D
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culture studies and in vivo preclinical animal models. Moreover, 3D models can serve as a
better platform for drug and vaccine development [7–10]. In this review, we present the
various scaffold-free and scaffold-based 3D culture models such as hydrogel, bioreactors
and hanging drops as well as present their properties and advantages over traditional 2D
methods. However, tissues such as airways are usually in layers rather than a packed
dense tissue; hence, 3D bioprinting technology which involves layer-by-layer deposition of
biologically-derived materials or cells was also discussed. Moreover, the review will cover
the progress made on respiratory viruses using 3D culture methods such as influenza virus,
parainfluenza virus, respiratory syncytial virus (RSV) and coronaviruses with special focus
on severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

2. Three-Dimensional (3D) In Vitro Models

As the notion of the 3D cell culture became more familiar in in vitro studies, and as
the inter-disciplinary studies between cell biology and the biophysical sciences evolved
along with the advances in technology, attempts have been made to establish high standard
spheroid generating techniques. These techniques need to be efficient, quick, reproducible,
practical, and ensure spheroids’ uniformity in size, limit cellular damage and cytotoxicity
while promoting cell growth, shape and physiology. Methods to generate 3D cultures can
be classified into scaffold-free and scaffold-based culture systems. While currently there is
no optimal method that satisfies all research requirements, researchers can choose the most
appropriate technique that aligns with their needs, where each method has its advantages
and disadvantages [11]. Nonetheless, all methods generate 3D spheroids with increased
expression of adhesion molecules, enhanced cell-cell communication, increased intercellular
signaling and higher differentiation potential. All these factors allow 3D cultures to mimic
the in vivo microenvironment more closely than the 2D cell culture systems [12–14]. Below
we address the main properties and differences between the various scaffold-free and
scaffold-based techniques.

2.1. Scaffold-Based 3D Cultures

In scaffold-based cultures, cell suspensions are seeded on matrices that serve as
scaffolds on which the cells adhere to, and which dictate the three-dimensional shape of
the obtained cell culture. These scaffolds can be composed from either natural or synthetic
materials, which often raise the concern of biocompatibility [15].

Hydrogels

Hydrogels are 3D hydrophilic extracellular matrix (ECM)-rich meshes that contain a
diverse selection of biopolymers and are commonly used as scaffold frameworks to sur-
round and encapsulate cells [16]. These hydrogels’ properties mimic the ECM bed on which
cells lay in vivo and which is crucial for cellular proliferation, survival, differentiation,
polarization, and signal transduction [17,18]. The hydrogels’ hydrophilic nature, chemical
stability, biological compatibility and biodegradability potential have made it a suitable
model for 3D cell culture studies. It has offered a better representation of events occurring
in vivo and consequently been used to bring deep insight into the viral infection process by
investigating how virions diffuse in the ECM before attaching to cells [19,20]. Moreover,
hydrogels have been ideal to provide a 3D environment for studying cell responses to viral
infections as well as drug screening.

In a preliminary study by Suzuki and colleagues, human bronchial 3D cultures were
successfully generated by embedding cryopreserved human bronchial epithelial cells in
Matrigel, a natural ECM environment hydrogel [21]. This 3D model was then infected
with SARS-CoV-2 with increased expression of the SARS-CoV receptor ACE2 (Angiotensin-
converting enzyme 2) and TMPRSS2 (transmembrane serine proteinase 2), which is essential
for the viral spike (S) protein priming [21]. Similarly, Han et al. reported that human lung
3D cultures generated from embryonic stem cells embedded in Matrigel, were permissive
to SARS-CoV-2 infection [22]. Moreover, both studies demonstrated that these 3D culture
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models can be used to evaluate antiviral effects of candidate compounds against SARS-
CoV-2 [21,22].

This proves that generation of human lung 3D cultures using Matrigel can mimic the
lung function in vivo and thus be used be a useful model to study viral infections including
SARS-CoV-2 [23].

2.2. Non-Scaffold 3D Cultures

Scaffold-free 3D cultures rely on stationary or rotary forces to aggregate cells found in
suspension into spheroids. Accordingly, they are divided into static and dynamic systems.
One feature that distinguishes the non-scaffold cultures is the predominance of cell-to-cell
interactions rather than cell-to-ECM thus allowing the natural aggregation and assembly
of cells and the development of spheroids similar to the development seen in vivo during
organ formation [24,25].

2.2.1. Bioreactors (Dynamic)

Bioreactors or rotating wall vessels (RWV) are instruments that generate 3D spheroids
by creating a microgravity environment. It is based on rotational motions which keep the
cells floating in suspension while allowing them to aggregate into spheroids [26]. The
system is driven by a motor which continuously revolves a pillar around an x-axis while
being connected to culture chambers having the cell suspensions [26]. Consequently, the
cells are maintained at a constant state of free-fall [6,26]. These chambers accommodating
the cells are incubated at 5% CO2, humidified incubator. When the bioreactor is set up to
begin cell incubation, it starts off at a slow rate of around 15 RPMs. As the cell aggregates
start to grow with increase in size, the rotation speed is progressively increased to maintain
the aggregate in a free fall state [27]. Furthermore, for long-term experiments media change
is made possible through the injection port of the culture chambers using a syringe.

Various primary cells and cell lines have been shown to form spheroids successfully
in bioreactors [4,28,29]. Goodwin et al. reported the formation of 3D lung tissue-like
assemblies from a combination of primary human bronchio-tracheal cells and human
bronchial epithelial cell line using a RWV bioreactor [30]. Interestingly, these tissue-like
assemblies showed properties similar to their native counterparts. Moreover, they were
able to be infected with various respiratory viruses such as human parainfluenza virus type
3, RSV and SARS corona virus and thus can be used to study viral infections and virus-host
interactions in a more physiological setting [30].

Today, rotating wall bioreactors proved to be successful in providing a low shear
environment limiting cell damage and enabling long-term culture periods. In spite of this
advancement, bioreactors have some limitations such as inconsistency in spheroid size and
difficulty in monitoring the aggregates in real-time due to the continuous rotatory culture
system [31]

2.2.2. Spinner Flasks (Dynamic)

Spinner flasks produce spheroids by maintaining cells in suspension with continuous
rotary motion that causes spontaneous cell collision and adhesion [32]. However, this sys-
tem is distinctive for its internal impeller or magnetic stir bar which allows the continuous
stirring of the suspended cells [32–34]. A balanced rotational speed is key for preventing
the aggregates from settling at the flask bottom while minimizing harmful fluid shear stress
caused by high rate of stirring. Additionally, the generated spheroids’ diameter can be
managed by modifying the spinning speed, culture duration, culture medium composition
and cell-seeding density [33]. The continuous fluid motion promotes gas and nutrient
transport within the formed spheroids which can be composed of primary cells, cell lines
or a fusion of different cell types [33].
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2.2.3. Hanging Drops (Static)

Hanging drop is the first recorded method for generating 3D aggregates where it
was employed to create embryoid bodies [35]. It is based on the simple physics concepts
of gravity and surface tension [35]. Culture medium containing cells at various seeding
densities are pipetted as droplets on the surface of a tissue culture plate cover which is
incubated upside down causing the droplets to suspend from the surface and cells to self-
aggregate at the air-liquid interface thus forming a single spheroid per droplet [36]. Hanging
drops are suitable to culture both primary cells and cell lines, in addition to co-cultures of
different cell types forming heterotypic spheroids [37–40]. Despite hanging drops being
used to generate spheroids of limited size range, the size of the spheroid can be adjusted
by controlling the seeding density and incubation time [36]. While conventional hanging
drop cultures require basic laboratory equipment and are easily monitored microscopically,
they yield a limited number of spheroids and are tedious due to the difficulty in managing
medium exchange and drug administration in such small volumes [41]. Today automated
commercialized 96- and 384-well hanging drop arrays are available that help controlling
spheroid size and facilitate hanging drop technique in terms of effort, reproducibility, cost
and high-throughput screening capacity [42,43].

2.2.4. Ultra-Low Attachment Plates (Static)

One of the most common methods for spheroid generation is the use of round-bottom
ultra-low attachment 96-well plates. The bottom of these ultra-low attachment 96-well
plates are covered with non-adhesive materials, which inhibit cells from attaching to the
plasticware [44]. The cells aggregate at the bottom of the ultra-low attachment wells after
being dispersed in single cell suspensions of culture medium with or without methylcel-
lulose [44,45]. A review of the literature shows that ultra-low adhesion plates have been
used to culture a wide variety of cells including cocultures [46]. We have recently shown
that A549 cells can be grown as spheroids in an ultra-low attachment 96-well plate to study
RSV pathogenesis [47].

Undoubtedly, this method of generating spheroids is easy, simple, affordable and
reproducible, where it allows the production of consistent spheroids of uniform size and
shape [44]. Moreover, the cultures are easily observed and monitored since the plate
material resembles any other laboratory polystyrene dish allowing microscopic observation.
In addition, these 96-well plates are suitable for high throughput screening [46].

2.2.5. Methods Using External Force (Electric Fields, Magnetic Force, and Ultrasound)

There are other systems similar to the centrifugation pellet culture that rely on external
forces to obtain spheroids from cell floating in suspension. These systems can utilize electric
fields, magnetic fields or ultrasound forces to assemble cell suspensions into spheroids.
When electric fields are utilized, cell monolayers cultured in iso-osmotic solutions migrate
and aggregate into 3D aggregates through dielectrophoresis which facilitate actin filament
turnover [48]; whereas in ultrasound spheroid formation, an ultrasonic standing wave
trap is used to cluster the cells [49]. As for magnetic fields, this method if performed by
ensuring that magnetic cationic liposomes (MCLs) are endocytosed by cells which are then
directed and collected over a magnetic field [24,50]. In 2013, a research group led by Glauco
Souza created a 3D bronchiole coculture model from four human cell types using magnetic
levitation that was found to mimic pulmonary bronchioles in vivo [51].

These techniques are run under strictly managed settings to minimize cellular dam-
age; however, the physiological impact that these techniques have on cells needs further
investigation. Moreover, these methods provide limited ability to regulate the spheroids’
sizes and require specific equipment, which limit the utilization of these methods.

2.2.6. Microwell Arrays

Microwell arrays are a newly evolving method for spheroid generation which origi-
nated from developing spheroids in round-bottom ultra-low attachment 96-well plates [52].
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It relies on imprinting microwells on non-adhesive substance such as agarose or polyethy-
lene glycol (PEG) through micro-patterning techniques through the use of stamps. The
resulting microstructures are of a specific shape and size which dictate the spheroids’
dimensions [53]. Single cell suspensions are loaded to the common channel after which
the plate is slightly centrifuged in order to homogenously dispense the cells across the
compartments [52,53]. This process further ensures uniformity of the produced spheroids’
size, and the identical shapes of the wells generate spheroids of uniform shape [7,17]. Such
microwell structures are simple, economical, and can be performed in technologically
modest laboratories. Moreover, they are compatible for high throughput drug screening
and can be incorporated for use with microfluid systems [54,55].

2.2.7. Microfluidic-Based Methods

A new technology named “microfuidics” has been developed in recent years in which
cell suspensions are ran through a microchannel system and divided upon microwells
which house these cells and the resulting spheroids [56]. The microwells trap the cells and
enhance their aggregation through the micro-rotational movement of the medium which is
induced by small bioreactors. These microwells are microfabricated on a silicon base which
are covered with the microchannel system [57]. Additionally, some microfluidic platforms
utilize non-adherent materials when designing the microwells to prevent spheroids from
attaching. Poly(dimethylsiloxane) or PDMS is the most commonly used polymer for
building the microchannels of the microfluidic platforms, since it is resistant to corrosion
and mechanical changes which may result from pressure or temperature changes or contact
with the culture medium [56]. These PDMS channels have inlets through which the cell
suspension is deposited after which it is pumped through the system [56]. As for the cell
suspension, cells can be either suspended in gelatinous hydrogel or in regular cell culture
medium before being dispensed into the system.

Microfluidic systems produce a high yield of identically sized spheroids in a limited
amount of time and devoid of extensive labor [56,58]. They are compatible for use in high
throughput screening and analysis and in combination with advances machines where
they can be supplied with biosensors for immediate observation and imaging [59]. Various
cell types showed to successfully aggregate into spheroids in this system and co-cultures of
different cell types were also possible [56,60,61].

Using microfluidic technology, organs-on-chips were developed to reconstitute the
physiological and functional complexity of organs and thus mimic the in vivo microenvi-
ronment and present it in vitro on miniaturized platforms [62]. One of the most prominent
developments, is the lung-on-a-chip or what is known as the ‘breathing lung’ that was
developed by researchers at Harvard University [63]. The lung-on-a-chip is composed
of two identical microchannels that are separated vertically by a thin and PDMS mem-
brane coated with ECM. It allows the culture of alveolar epithelial cells and vascular
endothelial cells on the opposite sides of the membrane to reconstruct the alveolar-capillary
interface [63]. Additionally, mechanical stretching of the membrane can be produced by
applying vacuum pressure to side chambers, thus mimicking the expansion/contraction of
the alveolar epithelium during physiological breathing movements in vivo [63]. Hence, the
lung-on-a-chip system provides a physiological complexity lacking in other in vitro cell
cultures. Accordingly, they have been successful in modelling disease states and assessing
drug efficacy and toxicity prior to introduction into clinical trials [64,65].

This miniature lung-on-a-chip platform provides a unique opportunity to study the
pathology and the progression of respiratory diseases including infectious diseases affecting
the lung such as COVID-19 as well as evaluate the potential antiviral agents. A recent
study by Si and colleagues have shown that this microfluidic organ chip can be used as a
preclinical in vitro model to study respiratory viruses such as influenza and SARS-CoV-2
having found that they mimic the clinical features of the human lung responses to these
viruses [66]. Additionally, they can offer a new in vitro approach to identify new potential
therapeutics for these pandemic respiratory viruses [66].
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2.2.8. 3D Bioprinting

With the increased emergence of new viral respiratory pathogens and the devastating
impacts they have, especially with the latest SARS-CoV-2 pandemic claiming the lives of
millions of worldwide, there is an urgent need to fabricate biomimetic respiratory tissue
models that recapitulate the human lung microenvironment. Meanwhile, advances in 3D
bioprinting have attracted the attention for enabling the production of these tissue models
in vitro.

Today, 3D bioprinting technology utilizes computerized methods for manufacturing
layers of tissue-like structures by simultaneously yet precisely depositing cells, biological
materials and the supportive matrix in layers. This technique is classified into three
categories: extrusion- based, laser- based, and inkjet-based printing processes which differ
in their precision of cell deposition and the resulting viability of the deposited cells [67,68].

Three-dimensional (3D) bioprinting has been proven to have a wide range of appli-
cations including tissue engineering, regeneration, transplantation, drug profiling and
screening, and malignant studies [69–71]. Moreover, it has been utilized to unravel the
pathogenesis of human respiratory viral infections and to study candidate drugs. A study
by Berg et al. has shown that 3D lung models generated using 3D bioprinting technology
supported infection with influenza A virus in a manner similar to that observed in the
human lung tissue but not to conventional 2D culture systems [72]. Herein, the study
demonstrates the suitability and superiority of the 3D printed lung model over 2D cul-
tures for infection experiments such as influenza [72]. Another recent study by a research
team from South Korea was conducted to fabricate a 3D alveolar barrier model by a 3D
bioprinting technique using four human alveolar cell lines [73]. The model was successful
in simulating the natural human alveoli structurally and functionally. When the alveolar
barrier model was infected with respiratory pathogens such as influenza A virus, the viral
infectivity and anti-viral responses were observed similarly to the actual tissue [73]. These
findings suggest that 3D bioprinting technology can be utilized to develop 3D in vitro lung
models that can be used to study SARS-CoV-2 infection and test possible antiviral drugs.
Although we are still far from being able to bioprint fully functional organs, this technology
is advancing steadily. For instance, Grigoryan et al. 3D bioprinted a ‘vascularized breathing
lung model’ using complex technologies in an attempt to engineer a clinically relevant lung
tissues [74]. Despite the advantages of these 3D bioprinting techniques, their use has been
limited by the requirement of complex and expensive technologies.

Herein, Table 1 summarizes the advantages and disadvantages of different types of
3D scaffold-free and scaffold-based techniques.

Table 1. Three-dimensional spheroid-generating systems.
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Table 1. Cont.

Culture Model Advantages Disadvantages References
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3. 3D Models for Respiratory Viruses

In vitro studies of human respiratory viral infections were originally conducted in
traditional 2D monolayer cell cultures, while in vivo research relied on animal models in an
attempt to understand and extrapolate the impact of infection into humans. Nonetheless,
these models have limited or different physiological and pathophysiological properties
which restrict their ability to mimic the in vivo human microenvironment [79,80]. This
necessitates the establishment of in vitro 3D cultures that can provide not only a precise
representation of human in vivo tissue structure, environment, proliferation and devel-
opment, but also accurately portray viral tissue tropism, kinetics, disease pathogenesis
and host-pathogen interactions [79–82]. These 3D models also allow efficient screening of
antiviral drugs and testing of the efficacy and safety of vaccines, in addition to investigating
the induced immune reaction in response to infection [30,83]. Moreover, 3D cultures can
predict the pathogenicity of emergent viruses and serve as a risk assessment tool for future
pandemics [80].

3.1. Influenza Virus

Influenza viruses are among the most frequently evolving viruses which can infect a
wide variety of avian and swine hosts and cross the species obstacles ultimately reaching
humans [84]. This presents a huge threat to the global health especially with the previous
incidents of avian and swine influenza outbreaks which led to high mortality rates [85,86].
In spite of the advancement reached in cellular biology and virology, it is still challenging
to produce an in vitro model to forecast the danger of newly emerging strains. Nonetheless,
3D aggregates of airway respiratory cells seem to provide promising results while being
more accessible than other models like bronchus explant culture and more accurate and
reliable than the traditional 2D monolayers [79,80]. In a comparative study, Hui et al. was
able to prove that airway organoids can replace ex vivo models in influenza studies [87].
These organoids were produced from human lung stem cells and successfully differentiated
to goblet, club and epithelial cells with numerous active ciliary structures. When distinctly
infected with various strains of human and avian influenza A viruses, the organoids and
the ex vivo bronchus explants both showed similar viral titers for each strain. Moreover,
susceptibility to each of the viral strains differed between the basal and ciliated epithelial
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cells, whether in the organoid or tissue explant models [87]. However, this viral tropism
was similar in the two models, where in both cell cultures, basal cells were infected by
all strains while ciliated cells had higher susceptibility to H1N1 and H7N9 viruses [87].
Moreover, a cytokine assay confirmed the results of the viral kinetics, whereby strains of
higher viral titer produced more cytokines. These results were similar in the organoids
and the bronchus explants and were reflective of viral infection in vivo, where the higher
the pathogenicity of the strain the more severe pro-inflammatory cytokine reaction is [87].
These results allow researchers to replace the tissue explants with organoids which properly
recapitulate viral pathogenesis and tropism. In another study, Zhou and colleagues were
able to assess the infectivity of several emerging avian and swine influenza strains in the
human species and evaluate their potential to cause epidemics [88]. The generated adult
stem cells (ASC) organoids showed remarkable differentiation into ciliated, goblet, basal
and club cells, where ciliated cells were the most prominent as in the in vivo human airway
epithelium. Additionally, these organoids expressed higher levels of serine proteases which
is vital for the activation and replication of the influenza A virus [88]. Upon infection,
the organoids enhanced the propagation of the human-infective strains in a time range
similar to that found in vivo while suppressing the replication of the strains that lack the
required human adaptation markers. This study shows that not only do organoids properly
recapitulate the morphology and function of in vivo lung tissues, but can also predict
the potential of inter-species transmissible influenza strains of causing outbreaks [88].
Murine 3D cultures are also used to study influenza pathogenicity. Quantius et al. used
3D models of mouse epithelial progenitor cells, which upon infection exhibited restricted
tissue repair and renewal ability due to the impairment of the β-catenin-dependent Fgfr2b
signaling [89]. Treatment of these cells with Fgf10 indorsed the renewal of the epithelial
cells after tissue injury caused by influenza infection. These results show how influenza
induces and maintains lung epithelium injury and that Fgf10 can be a promising remedy
for tissue repair after severe influenza infection [89]. The immunopathology of influenza
was also tested by Bhowmick et al. who formed 3D cultures of primary human small
airway epithelial cells (HSAEpCs) by seeding the cells on an air–liquid interface (ALI)
matrix [90]. Infecting the HSAEpCs 3D cultures with either of the two viral strains H1N1 or
H3N2, proved that 3D cultures are a more physiologically relevant model than monolayers
whereby the H1N1 strain caused nuclear enlargement and the formation of inclusion bodies
in infected HSAEpCs cells which are the same features observed in infected-lung dissection
samples [90]. Moreover, H1N1 infection of the 3D cultures revealed severe reductions
in alveolar type II protein markers which were observed in previous studies using mice
models. This decrease was more severe than that in the H3N2 infected 3D culture which
validates previous studies that H1N1 is more immunogenic than H3N2 [90]. Additionally,
cytokine profiling of HSAEpCs post infection revealed an increase in the same cytokines as
in ex vivo and animal models after infection [90]. The differences observed in the cytokine
production between H1N1- and H3N2-infected HSAEpCs cells were also in accordance
with the different clinical presentation of each of the strains. Thus, infection of 3D HSAEpCs
models thoroughly mimicked infection observed in in vivo studies [90].

3.2. Parainfluenza Virus

Parainfluenza presents a big threat to child wellbeing, whereby it causes one fifth of
the global annual deaths in children below the age of five due to a severe lower respiratory
tract disease [91,92]. This virus is characterized by mutating and evolving according
to its host tissue in order to evade the viral inhibitors and the immune response, thus
causing it to specifically fit its host [91,92]. This restricts the study of clinical strains
in laboratory cell lines which consequently hindered its research capacity. In a study
conducted by Porotto et al., lung organoids from a laboratory embryonic stem cell line
were tested for compatibility to propagate a clinical parainfluenza virus 3 strain [93].
This study was based on previous findings showing that human airway epithelium did
not alter parainfluenza viral genome and proteins. Indeed, the lung organoids endured
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successful viral propagation without exerting any selective pressure nor modifying the viral
genome [93]. Additionally, the results of this study showed that parainfluenza-infected
cells had a significant amount of virus contained within the cells without causing cell
shedding or any syncytium formation unlike what is observed in RSV and measles infected
organoids [93]. This cytopathic effect of lung organoid viral infection is analogous to
the clinical presentation of the disease, where parainfluenza is manifested with croup,
pneumonia or bronchiolitis and not airway obstruction [93,94]. As such, the lung organoids
can be a reliable study model for parainfluenza pathogenesis. 3D cultures were also
used to understand the virus–host interactions of animal parainfluenza viruses such as
the bovine parainfluenza 3 virus. MDBK spheroids cultured in 3D rotating wall vessels
and infected with bovine parainfluenza 3 virus revealed that virus cultured in spheroids
had lower replication rate and lower yield, yet a higher ratio of infectious virus particles
than that propagated in monolayers [95]. These findings are equivalent to in vivo bovine
parainfluenza 3 viral replication which display higher infectivity and are indicative of the
spheroids’ ability to productively propagate viruses which are challenging to propagate in
conventional monolayers [95].

Considering the absence of any vaccine or treatment for parainfluenza infections, and
the inability of traditional 2D cell cultures and animal models to adequately and compre-
hensively represent infection in humans, researchers started referring to 3D models to
investigate parainfluenza therapeutics. A study conducted by NASA on RSV and parain-
fluenza infections in 3D human bronchio-epithelial tissue-like assemblies showed that not
only were the aggregates more representative of in vivo tissue but are also a promising
model to test vaccine candidates [94]. These tissue-like assemblies were generated by
rotating wall vessel bioreactors and showed properly differentiated cell layers. The cell
assemblies were compromised of ciliated and secretory epithelial cells, basement mem-
brane cell, and mesenchymal cells all of which expressed spatial orientation with distinct
apical, lateral and basal surfaces and proper polarization of cellular junctions and adhesion
molecules similar to lung tissue [94]. Additionally, considering the epithelial cell’s role in
mediating an innate immune response upon contracting a pathogen, control 3D assemblies
showed higher rates of mRNA expression of genes involved in immune response than
uninfected monolayers. These features indicate the ability of the tissue-like assemblies
to accurately represent human lung tissue [94]. In regard to the pathogenicity and im-
munogenicity of the various parainfluenza strains, the attenuated strains showed limited
replication and induced less cytokine secretion than the wild-type virus in the 3D assem-
blies contrary to the monolayer cultures which showed similar viral titers and cytokine
secretion levels between the wild type and attenuated virus trails [94]. These findings
were concurring with the phase I clinical trial results which showed that inoculation with
attenuated parainfluenza strains caused no inflammatory response which enhances severe
disease symptoms upon natural infection. Therefore, these 3D models are reliable to test
parainfluenza vaccine safety before progressing to clinical trials [94].

3.3. Respiratory Syncytial Virus

Respiratory Syncytial Virus (RSV) is among the most commonly circulating res-
piratory tract viruses causing seasonal epidemics. It has high global disease burden
where it causes up to 199,000 mortalities annually among infants below the age of
five and adults suffering from chronic diseases and immune-deficiency [96,97]. RSV
mainly infects alveolar pneumocytes and the ciliated bronchial and bronchiolar cells
of the lower respiratory tract. Viral pathogenesis causes swelling and syncytia forma-
tion within the infected lung epithelial cells followed by their detachment which is
manifested in aggravated mucus production and airway obstruction [97]. Since con-
ventional monolayers and animal models have various limitations and do not precisely
recapitulate RSV infections in vivo, many studies investigated whether 3D cultures
are fit for RSV studies and utilized 3D aggregates and airway organoids to investigate
the RSV pathogenesis, therapeutics and the RSV-mediated immune response. In one
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study, lung bud organoids formed of human pluripotent stem cells (PSCs) were used
to test their capacity to recapitulate human lung infections [98]. The cells forming the
organoids differentiated into pulmonary mesoderm and endoderm when in culture
and demonstrated the same disease features upon their infection as in the lower res-
piratory tract infections in vivo [98]. Mesenchymal cells expressed the same markers
as they would during in vivo infection and showed swelling and sloughing into the
organoid lumen [98]. These results demonstrated lung bud organoids’ capacity to
reiterate the morphological features of RSV in vivo infection. Another study conducted
in our lab demonstrated that 3D spheroids of alveolar epithelial type II cells (A549)
were permissive for RSV and allowed its propagation [47]. Similarly to the lung bud
organoids mentioned earlier, the infected spheroids demonstrated disease features of
clinical infection, where infected cells fused to form large syncytia and had excessive
mucin production which accounts for the pulmonary obstruction observed upon human
infection [47]. These findings showed that A549 spheroids (Figure 1) are a favorable
in vitro model for RSV studies.
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Figure 1. Two-dimensional (2D) and 3D A549 cell cultures. A549 cells were grown as monolayers in
75 cm2 plastic tissue-culture flask (left) and as spheroids using ultra-low attachment (ULA) plates to
test A549 Spheroid’s permissiveness to Respiratory Syncytial Virus (RSV).

Co-cultures of human primary mesenchymal bronchial-tracheal cells and human
bronchial epithelial cancerous cells were obtained through rotating wall vessel bioreactors
and were tested for their ability to propagate RSV [99]. These culture conditions generated
large differentiated spheroids of well-defined tight junctions and desmosomes, and definite
polarization and microvilli extrusions. The cells also produced significant amount of
mucin and expressed cell markers definitive of cellular differentiation such as villin and
keratins [99]. These advanced features of the tissue-like assemblies resemble the properties
of true tissue explants and explain the efficient viral replication within these 3D cultures
upon inoculation. Moreover, electronic microscopy images showed a time-dependent
increase in RSV viral titers and in the build-up of the viral transmembrane glycoproteins
indicating efficient viral replication and translation of the viral proteins [99]. Thus, these
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tissue-like assemblies represented a robust in vitro model for investigating RSV- host tissue
interactions and propagation.

Just like parainfluenza, RSV lacks a reliable study model and has no approved vaccine
or treatment. As such, 3D aggregates and organoids were used to study RSV therapeutics.
The EpiAirway 3D culture model was infected with various RSV strains and treated
with various antivirals at different time points [100]. This model indicated which antiviral
compounds are the most effective in virus neutralization and indicated that earlier treatment
provides better outcomes [100]. A cytokine assay of the infected 3D cultures also revealed
an elevation in IL-6, IP-10, and RANTES production which is usually observed upon
RSV infection [100]. Another study testing the efficiency of a number of antivirals on
3D human airway epithelium cells (HuAECs) infected with RSV provided evidence on
the physiological relevance of the 3D cultures in understanding RSV therapeutics [101].
Finally, the NASA study on parainfluenza infections in 3D human bronchio-epithelial
tissue-like assemblies mentioned earlier, also tested the safety of several RSV attenuated
viruses as vaccine candidates [94]. Similar results were obtained for the RSV trials as
in parainfluenza trials, whereby the 3D assemblies revealed the limited replication and
immunogenic capacity of the attenuated viral strains in contrast to the wild type ones [94].
Thus, indicating the relevance of the 3D tissue-like assemblies to serve as a model for
screening RSV vaccine candidates.

3.4. Coronaviruses

After the first SARS infection was detected in China in 2002, researchers rushed to find
a suitable study model for SARS-CoV, since cell lines and animal models did not provide
a full understanding of the virus. As such, 3D tissue-like aggregates were developed by
co-culturing human bronchial-tracheal mesenchymal cells and human bronchial epithelial
cells in the RWV bioreactors [102]. These 3D aggregates were then infected with SARS-CoV
to test their permissiveness and susceptibility to the virus while being in the dynamic and
highly perfused environment offered by the RWV bioreactors [102]. The aggregates demon-
strated higher levels of differentiation than 2D bronchial epithelial monolayers as they
expressed more cytoskeletal proteins, mucin, collagen and adhesion molecules and had
extensive microvilli on their apical surface. Additionally, cells cultured in aggregates stayed
viable for thrice the time as monolayers [102]. Although infection of the 3D aggregates
did not yield virus titers, microscopic imaging showed that these cells displayed increased
cytoplasmic vacuoles and disrupted endoplasmic reticulum. In addition to that, an intense
antigen-antibody reaction was recorded when the cells were treated with polyclonal anti-
bodies against the viral spike and nucleocapsid proteins, in addition to a reaction caused
by treatment with an antibody against Group 2 coronavirus [102]. These results indicate
that SARS-CoV was able to penetrate the cells and even induce viral protein replication
and translation, thus verifying the model’s fitness for coronavirus studies.

Most of our understanding of the infection process is from studies conducted on 2D
cultures, which might be misleading as it does not replicate the in vivo microenvironment.
Recently, virologists are increasingly using 3D culture models to study the interaction
between the virus and the host cell. A study by Milewska and colleagues utilized 3D
culture of human airway epithelium (HAE) to map the human coronavirus NL63 (HCoV-
NL63) entry pathways [103]. It is also worth noting that the HAE ALI cultures showed so
far to be the sole in vitro system for propagating human HCoV-HKU1 coronavirus strain
which failed to propagate on all laboratory cell lines [104].

3.5. SARS-CoV-2

Since the outbreak of the COVID-19 pandemic, researchers around the world are
leaving no stone unturned in the hunt for effective treatments and vaccines to combat the
new coronavirus SARS-CoV-2. To achieve their goal, scientists have to rely on effective
models that allow studying the disease pathogenesis, understanding virus-host interactions
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and testing new therapeutics or vaccines. One of the emerging models used in SARS-CoV-2
research is 3D cell cultures models [105–107].

As such, Dr. Shuibing Chen and collaborators have generated human pluripotent
stem cell-derived lung and colonic organoids (hPSC-LOs and hPSC-COs) using 3D cultures
to better understand the disease mechanism of COVID-19 and identify candidate dugs
that can block SARS-CoV-2 entry [23]. In their recent publication in Nature, they have
shown that lung organoids were permissive to SARS-CoV-2 as expected as the virus
primarily targets the respiratory tract, accompanied by robust production in chemokines,
which is very similar to what is seen in vivo [23]. As patients with COVID-19 may also
experience gastrointestinal symptoms, the response of colonic organoids (hPSC-COs) to
SARS-CoV-2 infection was also explored. It was demonstrated that several colonic cell
types in hPSC-COs, especially enterocytes, expressed ACE2 (the receptor for SARS-CoV-2),
thus are permissive to the virus [23]. The human 3D models were then used to screen for a
library FDA-approved drugs. Several drugs, including Imatinib, mycophenolic acid, and
quinacrine dihydrochloride were shown to inhibit SARS-CoV-2 entry into both lung and
colonic organoids [23].

Moreover, a German research team employed human intestinal organoids derived
from pluripotent stem cells (PSC-HIOs) as a tool to study SARS-CoV-2 pathogenesis and
its inhibition by Remdesivir, the first FDA-approved drug to treat COVID-19 [108]. No-
tably, most cell types of the intestinal organoids got infected with SARS-CoV-2 with the
exception of goblet cells as they lacked ACE2 expression [108]. More importantly, Remde-
sivir decreased SARS-CoV-2 infection of intestinal organoids by 86% at a concentration of
0.5 µM and almost inhibited infection at 5 µM, thus indicating Remdesivir as a treatment
for SARS-CoV-2 infection of the gut [108]. Another work by Mulay et al. (2021), published
in Cell Reports, developed a 3D model of human alveoli, alveospheres, by growing human
alveolar type 2 (AT2) cells in Matrigel and then studied how SARS-CoV-2 affects it [109]. It
was found that alveospheres were readily infected by SARS-CoV-2, with expression of the
SARS-CoV-2 entry receptor, ACE2, on AT2 cells. This was associated with an inflammatory
response and upregulation of the interferon signaling pathway [109]. Similarly, two other
studies using primary lung alveolar organoids for the study of SARS-CoV-2, reported
induction of interferon response infections [107,110]. On the other hand, Ramani et al.
utilized iPSCs-derived 3D human brain organoids as a model system to test the neurotoxic
effects of SARS-CoV-2 [111]. It was shown that the virus targets the neurons of 3D brain
organoids despite a low level of ACE2 expression. This finding has multiple explanations,
either a basal level of ACE2 is sufficient for SARS-CoV-2 entry into neurons or the virus
enters via ACE2-independent pathways [111].

Together, these data demonstrate that 3D cultures can serve as reliable in vitro human
models to study SARS-CoV-2 infection and provide a relevant platform for drug screening
to identify candidate COVID-19 therapeutics.
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17. Bystroňová, J.; Ščigalková, I.; Wolfová, L.; Pravda, M.; Vrana, N.E.; Velebný, V. Creating a 3D microenvironment for monocyte

cultivation: ECM-mimicking hydrogels based on gelatine and hyaluronic acid derivatives. RSC Adv. 2018, 8, 7606–7614.
[CrossRef]

18. Du, M.; Zhu, Y.; Yuan, L.; Liang, H.; Mou, C.; Li, X.; Sun, J.; Zhuang, Y.; Zhang, W.; Shi, Q.; et al. Assembled 3D cell niches in
chitosan hydrogel network to mimic extracellular matrix. Colloids Surf. A Physicochem. Eng. Asp. 2013, 434, 78–87. [CrossRef]

19. Zhu, X.; Ding, X. Study on a 3D Hydrogel-Based Culture Model for Characterizing Growth of Fibroblasts under Viral Infection
and Drug Treatment. SLAS Discov. Adv. Life Sci. RD 2017, 22, 626–634. [CrossRef] [PubMed]

20. Cho, N.-J.; Elazar, M.; Xiong, A.; Lee, W.; Chiao, E.; Baker, J.; Frank, C.W.; Glenn, J.S. Viral infection of human progenitor and
liver-derived cells encapsulated in three-dimensional PEG-based hydrogel. Biomed. Mater. 2008, 4. [CrossRef]

21. Suzuki, T.; Itoh, Y.; Sakai, Y.; Saito, A.; Okuzaki, D.; Motooka, D.; Minami, S.; Kobayashi, T.; Yamamoto, T.; Okamoto, T.; et al.
Generation of human bronchial organoids for SARS-CoV-2 research. bioRxiv 2020. [CrossRef]

22. Han, Y.; Duan, X.; Yang, L.; Nilsson-Payant, B.E.; Wang, P.; Duan, F.; Tang, X.; Yaron, T.M.; Zhang, T.; Uhl, S.; et al. Identification
of SARS-CoV-2 inhibitors using lung and colonic organoids. Nature 2020, 1–8. [CrossRef] [PubMed]

23. Rijsbergen, L.C.; Van Dijk, L.; Engel, M.; De Vries, R.D.; De Swart, R.L. In Vitro Modelling of Respiratory Virus Infections in
Human Airway Epithelial Cells- A Systematic Review. Front. Immunol. 2021, 12, 683002. [CrossRef]

24. Cui, X.; Hartanto, Y.; Zhang, H. Advances in multicellular spheroids formation. J. R. Soc. Interface 2017, 14, 20160877. [CrossRef]
25. Kronemberger, G.S.; Carneiro, F.A.; Rezende, D.F.; Baptista, L.S. Spheroids and organoids as humanized 3D scaffold-free

engineered tissues for SARS-CoV-2 viral infection and drug screening. Artif. Organs 2021, 45, 548–558. [CrossRef]
26. Radtke, A.L.; Herbst-Kralovetz, M.M. Culturing and Applications of Rotating Wall Vessel Bioreactor Derived 3D Epithelial Cell

Models. J. Vis. Exp. 2012, e3868. [CrossRef]
27. Schwarz, R.P.; Goodwin, T.J.; Wolf, D.A. Cell culture for three-dimensional modeling in rotating-wall vessels: An application of

simulated microgravity. J. Tissue Cult. Methods 1992, 14, 51–57. [CrossRef]

http://doi.org/10.3109/14653249.2011.586998
http://doi.org/10.1186/s12931-015-0302-7
http://doi.org/10.1371/journal.pone.0123397
http://www.ncbi.nlm.nih.gov/pubmed/25875023
http://doi.org/10.1038/nrmicro2423
http://www.ncbi.nlm.nih.gov/pubmed/20948552
http://doi.org/10.1128/IAI.00282-18
http://doi.org/10.3390/v8110304
http://www.ncbi.nlm.nih.gov/pubmed/27834891
http://doi.org/10.3389/fphar.2018.00006
http://www.ncbi.nlm.nih.gov/pubmed/29410625
http://doi.org/10.3389/fmats.2021.631373
http://doi.org/10.1089/adt.2014.573
http://www.ncbi.nlm.nih.gov/pubmed/24831787
http://doi.org/10.1002/jcp.24683
http://doi.org/10.1038/s41598-020-79448-y
http://doi.org/10.1038/s41598-020-60145-9
http://doi.org/10.3389/fbioe.2021.761846
http://www.ncbi.nlm.nih.gov/pubmed/34722481
http://doi.org/10.1016/s1369-7021(11)70058-x
http://doi.org/10.3389/fbioe.2020.00611
http://doi.org/10.1039/C7RA13739G
http://doi.org/10.1016/j.colsurfa.2013.05.044
http://doi.org/10.1177/2472555217701247
http://www.ncbi.nlm.nih.gov/pubmed/28340537
http://doi.org/10.1088/1748-6041/4/1/011001
http://doi.org/10.1101/2020.05.25.115600
http://doi.org/10.1038/s41586-020-2901-9
http://www.ncbi.nlm.nih.gov/pubmed/33116299
http://doi.org/10.3389/fimmu.2021.683002
http://doi.org/10.1098/rsif.2016.0877
http://doi.org/10.1111/aor.13880
http://doi.org/10.3791/3868
http://doi.org/10.1007/BF01404744


Biomimetics 2022, 7, 3 15 of 18

28. Sainz, B.; TenCate, V.; Uprichard, S.L. Three-dimensional Huh7 cell culture system for the study of Hepatitis C virus infection.
Virol. J. 2009, 6, 103. [CrossRef] [PubMed]

29. Smith, Y.C.; Grande, K.K.; Rasmussen, S.B.; O’Brien, A.D. Novel Three-Dimensional Organoid Model for Evaluation of the
Interaction of Uropathogenic Escherichia coli with Terminally Differentiated Human Urothelial Cells. Infect. Immun. 2006, 74,
750–757. [CrossRef] [PubMed]

30. Goodwin, T.J.; McCarthy, M.; Cohrs, R.J.; Kaufer, B.B. 3D tissue-like assemblies: A novel approach to investigate virus–cell
interactions. Methods 2015, 90, 76–84. [CrossRef] [PubMed]

31. Hammond, T.G.; Hammond, J.M. Optimized suspension culture: The rotating-wall vessel. Am. J. Physiol. Physiol. 2001, 281,
F12–F25. [CrossRef]

32. Hoarau-Véchot, J.; Rafii, A.; Touboul, C.; Pasquier, J. Halfway between 2D and Animal Models: Are 3D Cultures the Ideal Tool to
Study Cancer-Microenvironment Interactions? Int. J. Mol. Sci. 2018, 19, 181. [CrossRef] [PubMed]

33. Lin, R.-Z.; Chang, H.-Y. Recent advances in three-dimensional multicellular spheroid culture for biomedical research. Biotechnol. J.
2008, 3, 1172–1184. [CrossRef] [PubMed]

34. Saleh, F.A.; Frith, J.E.; Lee, J.A.; Genever, P.G. Three-Dimensional In Vitro Culture Techniques for Mesenchymal Stem Cells. Adv.
Struct. Saf. Stud. 2012, 916, 31–45.

35. Kelm, J.M.; Timmins, N.E.; Brown, C.J.; Fussenegger, M.; Nielsen, L.K. Method for generation of homogeneous multicellular
tumor spheroids applicable to a wide variety of cell types. Biotechnol. Bioeng. 2003, 83, 173–180. [CrossRef]

36. Foty, R. A Simple Hanging Drop Cell Culture Protocol for Generation of 3D Spheroids. J. Vis. Exp. 2011, 51, e2720. [CrossRef]
[PubMed]

37. Timmins, N.E.; Nielsen, L.K. Generation of Multicellular Tumor Spheroids by the Hanging-Drop Method. Methods Mol. Med.
2007, 140, 141–151. [CrossRef]

38. Yılmaz, Ö.; Sakarya, S. Is ’Hanging Drop’ a Useful Method to Form Spheroids of Jimt, Mcf-7, T-47d, Bt-474 That are Breast Cancer
Cell Lines. Single Cell Biol. 2018, 7, 1–3. [CrossRef]

39. Wang, S.; Wang, X.; Boone, J.; Wie, J.; Yip, K.-P.; Zhang, J.; Wang, L.; Liu, R. Application of Hanging Drop Technique for Kidney
Tissue Culture. Kidney Blood Press. Res. 2017, 42, 220–231. [CrossRef]

40. Shri, M.; Agrawal, H.; Rani, P.; Singh, D.; Onteru, S.K. Hanging Drop, A Best Three-Dimensional (3D) Culture Method for Primary
Buffalo and Sheep Hepatocytes. Sci. Rep. 2017, 7, 1–14. [CrossRef]

41. Cho, C.-Y.; Chiang, T.-H.; Hsieh, L.-H.; Yang, W.-Y.; Hsu, H.-H.; Yeh, C.-K.; Huang, C.-C.; Huang, J.-H. Development of a Novel
Hanging Drop Platform for Engineering Controllable 3D Microenvironments. Front. Cell Dev. Biol. 2020, 8. [CrossRef]

42. Zhao, L.; Xiu, J.; Liu, Y.; Zhang, T.; Pan, W.; Zheng, X.; Zhang, X. A 3D Printed Hanging Drop Dripper for Tumor Spheroids
Analysis Without Recovery. Sci. Rep. 2019, 9, 1–14. [CrossRef]

43. Tung, Y.-C.; Hsiao, A.Y.; Allen, S.; Torisawa, Y.-S.; Ho, M.; Takayama, S. High-throughput 3D spheroid culture and drug testing
using a 384 hanging drop array. Analytics 2010, 136, 473–478. [CrossRef]

44. Fang, Y.; Eglen, R.M. Three-Dimensional Cell Cultures in Drug Discovery and Development. SLAS Discov. Adv. Life Sci. RD 2017,
22, 456–472. [CrossRef]

45. Spheroid Generation from Cell Lines: A Three-Dimensional (3D) Cell Culture Method. Protocol n.d. Available on-
line: https://www.jove.com/v/20064/spheroid-generation-from-cell-lines-three-dimensional-3d-cell-culture (accessed on
29 November 2021).

46. Vinci, M.; Gowan, S.; Boxall, F.; Patterson, L.; Zimmermann, M.; Court, W.; Lomas, C.; Mendiola, M.; Hardisson, D.; Eccles, S.A.
Advances in establishment and analysis of three-dimensional tumor spheroid-based functional assays for target validation and
drug evaluation. BMC Biol. 2012, 10, 29. [CrossRef] [PubMed]

47. Saleh, F.; Harb, A.; Soudani, N.; Zaraket, H. A three-dimensional A549 cell culture model to study respiratory syncytial virus
infections. J. Infect. Public Health 2020, 13, 1142–1147. [CrossRef]

48. Sebastian, A.; Buckle, A.-M.; Markx, G.H. Tissue engineering with electric fields: Immobilization of mammalian cells in multilayer
aggregates using dielectrophoresis. Biotechnol. Bioeng. 2007, 98, 694–700. [CrossRef] [PubMed]

49. Nakao, M.; Imashiro, C.; Kuribara, T.; Kurashina, Y.; Totani, K.; Takemura, K. Formation of Large Scaffold-Free 3-D Aggregates in
a Cell Culture Dish by Ultrasound Standing Wave Trapping. Ultrasound Med. Biol. 2019, 45, 1306–1315. [CrossRef]

50. Okochi, M.; Takano, S.; Isaji, Y.; Senga, T.; Hamaguchi, M.; Honda, H. Three-dimensional cell culture array using magnetic
force-based cell patterning for analysis of invasive capacity of BALB/3T3/v-src. Lab A Chip 2009, 9, 3378–3384. [CrossRef]

51. Tseng, H.; Gage, J.A.; Raphael, R.M.; Moore, R.H.; Killian, T.; Grande-Allen, K.J.; Souza, G.R. Assembly of a Three-Dimensional
Multitype Bronchiole Coculture Model Using Magnetic Levitation. Tissue Eng. Part C Methods 2013, 19, 665–675. [CrossRef]

52. Randall, C.L.; Kalinin, Y.V.; Jamal, M.; Manohar, T.; Gracias, D.H. Three-dimensional microwell arrays for cell culture. Lab A Chip
2011, 11, 127–131. [CrossRef]

53. Kobel, S.A.; Lutolf, M.P. Fabrication of PEG Hydrogel Microwell Arrays for High-Throughput Single Stem Cell Culture and
Analysis. Springer Protoc. Handb. 2012, 811, 101–112. [CrossRef]

54. Fernandes, T.; Diogo, M.M.; Clark, D.S.; Dordick, J.S.; Cabral, J.M. High-throughput cellular microarray platforms: Applications
in drug discovery, toxicology and stem cell research. Trends Biotechnol. 2009, 27, 342–349. [CrossRef]

55. Chen, P.-C.; Huang, Y.-Y.; Juang, J.-L. MEMS microwell and microcolumn arrays: Novel methods for high-throughput cell-based
assays. Lab A Chip 2011, 11, 3619–3625. [CrossRef] [PubMed]

http://doi.org/10.1186/1743-422X-6-103
http://www.ncbi.nlm.nih.gov/pubmed/19604376
http://doi.org/10.1128/IAI.74.1.750-757.2006
http://www.ncbi.nlm.nih.gov/pubmed/16369034
http://doi.org/10.1016/j.ymeth.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/25986169
http://doi.org/10.1152/ajprenal.2001.281.1.F12
http://doi.org/10.3390/ijms19010181
http://www.ncbi.nlm.nih.gov/pubmed/29346265
http://doi.org/10.1002/biot.200700228
http://www.ncbi.nlm.nih.gov/pubmed/18566957
http://doi.org/10.1002/bit.10655
http://doi.org/10.3791/2720
http://www.ncbi.nlm.nih.gov/pubmed/21587162
http://doi.org/10.1007/978-1-59745-443-8_8
http://doi.org/10.4172/2168-9431.1000170
http://doi.org/10.1159/000476018
http://doi.org/10.1038/s41598-017-01355-6
http://doi.org/10.3389/fcell.2020.00327
http://doi.org/10.1038/s41598-019-56241-0
http://doi.org/10.1039/C0AN00609B
http://doi.org/10.1177/1087057117696795
https://www.jove.com/v/20064/spheroid-generation-from-cell-lines-three-dimensional-3d-cell-culture
http://doi.org/10.1186/1741-7007-10-29
http://www.ncbi.nlm.nih.gov/pubmed/22439642
http://doi.org/10.1016/j.jiph.2020.03.011
http://doi.org/10.1002/bit.21416
http://www.ncbi.nlm.nih.gov/pubmed/17385742
http://doi.org/10.1016/j.ultrasmedbio.2019.01.013
http://doi.org/10.1039/b909304d
http://doi.org/10.1089/ten.tec.2012.0157
http://doi.org/10.1039/C0LC00368A
http://doi.org/10.1007/978-1-61779-388-2_7
http://doi.org/10.1016/j.tibtech.2009.02.009
http://doi.org/10.1039/c0lc00696c
http://www.ncbi.nlm.nih.gov/pubmed/21904742


Biomimetics 2022, 7, 3 16 of 18

56. Vadivelu, R.K.; Kamble, H.; Shiddiky, M.J.A.; Nguyen, N.-T. Microfluidic Technology for the Generation of Cell Spheroids and
Their Applications. Micromachines 2017, 8, 94. [CrossRef]

57. Moshksayan, K.; Kashaninejad, N.; Warkiani, M.E.; Lock, J.; Moghadas, H.; Firoozabadi, B.; Saidi, M.S.; Nguyen, N.-T. Spheroids-
on-a-chip: Recent advances and design considerations in microfluidic platforms for spheroid formation and culture. Sens.
Actuators B Chem. 2018, 263, 151–176. [CrossRef]

58. Järvinen, P.; Bonabi, A.; Jokinen, V.; Sikanen, T. Simultaneous Culturing of Cell Monolayers and Spheroids on a Single Microfluidic
Device for Bridging the Gap between 2D and 3D Cell Assays in Drug Research. Adv. Funct. Mater. 2020, 30. [CrossRef]

59. Lim, W.; Park, S. A Microfluidic Spheroid Culture Device with a Concentration Gradient Generator for High-Throughput
Screening of Drug Efficacy. Molecules 2018, 23, 3355. [CrossRef]

60. Hsiao, A.Y.; Torisawa, Y.-S.; Tung, Y.-C.; Sud, S.; Taichman, R.S.; Pienta, K.; Takayama, S. Microfluidic system for formation of
PC-3 prostate cancer co-culture spheroids. Biomaterials 2009, 30, 3020–3027. [CrossRef]

61. Lee, J.M.; Choi, J.; Ahrberg, C.D.; Choi, H.W.; Ha, J.H.; Mun, S.G.; Mo, S.J.; Chung, B.G. Generation of tumor spheroids using a
droplet-based microfluidic device for photothermal therapy. Microsyst. Nanoeng. 2020, 6, 1–10. [CrossRef]

62. Wu, Q.; Liu, J.; Wang, X.; Feng, L.; Wu, J.; Zhu, X.; Wen, W.; Gong, X. Organ-on-a-chip: Recent breakthroughs and future prospects.
Biomed. Eng. Online 2020, 19, 1–19. [CrossRef]

63. Huh, D.; Matthews, B.D.; Mammoto, A.; Montoya-Zavala, M.; Hsin, H.Y.; Ingber, D.E. Reconstituting Organ-Level Lung Functions
on a Chip. Science 2010, 328, 1662–1668. [CrossRef] [PubMed]

64. Esch, E.W.; Bahinski, A.; Huh, D. Organs-on-chips at the frontiers of drug discovery. Nat. Rev. Drug Discov. 2015, 14, 248–260.
[CrossRef] [PubMed]

65. Low, L.A.; Mummery, C.; Berridge, B.R.; Austin, C.P.; Tagle, D.A. Organs-on-chips: Into the next decade. Nat. Rev. Drug Discov.
2021, 20, 345–361. [CrossRef]

66. Si, L.; Bai, H.; Rodas, M.; Cao, W.; Oh, C.Y.; Jiang, A.; Moller, R.; Hoagland, D.; Oishi, K.; Horiuchi, S.; et al. A human-airway-
on-a-chip for the rapid identification of candidate antiviral therapeutics and prophylactics. Nat. Biomed. Eng. 2021, 5, 815–829.
[CrossRef]

67. Knowlton, S.; Onal, S.; Yu, C.H.; Zhao, J.J.; Tasoglu, S. Bioprinting for cancer research. Trends Biotechnol. 2015, 33, 504–513.
[CrossRef]

68. Placone, J.K.; Engler, A.J. Recent Advances in Extrusion-Based 3D Printing for Biomedical Applications. Adv. Health Mater. 2018,
7, e1701161. [CrossRef] [PubMed]

69. Horváth, L.; Umehara, Y.; Jud, C.; Blank, F.; Fink, A.; Rothen-Rutishauser, B. Engineering an in vitro air-blood barrier by 3D
bioprinting. Sci. Rep. 2015, 5, srep07974. [CrossRef]

70. Matai, I.; Kaur, G.; Seyedsalehi, A.; McClinton, A.; Laurencin, C.T. Progress in 3D bioprinting technology for tissue/organ
regenerative engineering. Biomaterials 2020, 226, 119536. [CrossRef]

71. Peng, W.; Datta, P.; Ayan, B.; Ozbolat, V.; Sosnoski, D.; Ozbolat, I.T. 3D bioprinting for drug discovery and development in
pharmaceutics. Acta Biomater. 2017, 57, 26–46. [CrossRef]

72. Berg, J.; Hiller, T.; Kissner, M.S.; Qazi, T.H.; Duda, G.N.; Hocke, A.C.; Hippenstiel, S.; Elomaa, L.; Weinhart, M.; Fahrenson, C.; et al.
Optimization of cell-laden bioinks for 3D bioprinting and efficient infection with influenza A virus. Sci. Rep. 2018, 8, 1–13. [CrossRef]

73. Kang, D.; Park, J.A.; Kim, W.; Kim, S.; Lee, H.; Kim, W.; Yoo, J.; Jung, S. All-Inkjet-Printed 3D Alveolar Barrier Model with
Physiologically Relevant Microarchitecture. Adv. Sci. 2021, 8, 2004990. [CrossRef]

74. Grigoryan, B.; Paulsen, S.J.; Corbett, D.C.; Sazer, D.W.; Fortin, C.L.; Zaita, A.J.; Greenfield, P.T.; Calafat, N.J.; Gounley, J.P.;
Ta, A.H.; et al. Multivascular networks and functional intravascular topologies within biocompatible hydrogels. Science 2019, 364,
458–464. [CrossRef] [PubMed]

75. Ryu, N.-E.; Lee, S.-H.; Park, H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells 2019,
8, 1620. [CrossRef] [PubMed]

76. Bellotti, C.; Duchi, S.; Bevilacqua, A.; Lucarelli, E.; Piccinini, F. Long term morphological characterization of mesenchymal stromal
cells 3D spheroids built with a rapid method based on entry-level equipment. Cytotechnology 2016, 68, 2479–2490. [CrossRef]
[PubMed]

77. Jensen, C.; Teng, Y. Is It Time to Start Transitioning From 2D to 3D Cell Culture? Front. Mol. Biosci. 2020, 7, 33. [CrossRef]
78. Li, X.J.; Valadez, A.V.; Zuo, P.; Nie, Z. Microfluidic 3D cell culture: Potential application for tissue-based bioassays. Bioanalysis

2012, 4, 1509–1525. [CrossRef]
79. Li, Y.; Wu, Q.; Sun, X.; Shen, J.; Chen, H. Organoids as a Powerful Model for Respiratory Diseases. Stem Cells Int. 2020,

2020, 5847876. [CrossRef]
80. Iverson, E.; Kaler, L.; Agostino, E.L.; Song, D.; Duncan, G.A.; Scull, M.A. Leveraging 3D Model Systems to Understand Viral

Interactions with the Respiratory Mucosa. Viruses 2020, 12, 1425. [CrossRef]
81. De Melo, B.A.; Benincasa, J.C.; Cruz, E.M.; Maricato, J.T.; Porcionatto, M.A. 3D culture models to study SARS-CoV-2 infectivity

and antiviral candidates: From spheroids to bioprinting. Biomed. J. 2021, 44, 31–42. [CrossRef]
82. Tian, L.; Gao, J.; Garcia, I.M.; Chen, H.J.; Castaldi, A.; Chen, Y. Human pluripotent stem cell-derived lung organoids: Potential

applications in development and disease modeling. Wiley Interdiscip. Rev. Dev. Biol. 2020, 10, e399. [CrossRef]
83. Lu, T.; Cao, Y.; Zhao, P.; Shen, S.; Xi, Y. Organoid: A powerful tool to study lung regeneration and disease. Cell Regen. 2021, 10,

1–10. [CrossRef]

http://doi.org/10.3390/mi8040094
http://doi.org/10.1016/j.snb.2018.01.223
http://doi.org/10.1002/adfm.202000479
http://doi.org/10.3390/molecules23123355
http://doi.org/10.1016/j.biomaterials.2009.02.047
http://doi.org/10.1038/s41378-020-0167-x
http://doi.org/10.1186/s12938-020-0752-0
http://doi.org/10.1126/science.1188302
http://www.ncbi.nlm.nih.gov/pubmed/20576885
http://doi.org/10.1038/nrd4539
http://www.ncbi.nlm.nih.gov/pubmed/25792263
http://doi.org/10.1038/s41573-020-0079-3
http://doi.org/10.1038/s41551-021-00718-9
http://doi.org/10.1016/j.tibtech.2015.06.007
http://doi.org/10.1002/adhm.201701161
http://www.ncbi.nlm.nih.gov/pubmed/29283220
http://doi.org/10.1038/srep07974
http://doi.org/10.1016/j.biomaterials.2019.119536
http://doi.org/10.1016/j.actbio.2017.05.025
http://doi.org/10.1038/s41598-018-31880-x
http://doi.org/10.1002/advs.202004990
http://doi.org/10.1126/science.aav9750
http://www.ncbi.nlm.nih.gov/pubmed/31048486
http://doi.org/10.3390/cells8121620
http://www.ncbi.nlm.nih.gov/pubmed/31842346
http://doi.org/10.1007/s10616-016-9969-y
http://www.ncbi.nlm.nih.gov/pubmed/27023795
http://doi.org/10.3389/fmolb.2020.00033
http://doi.org/10.4155/bio.12.133
http://doi.org/10.1155/2020/5847876
http://doi.org/10.3390/v12121425
http://doi.org/10.1016/j.bj.2020.11.009
http://doi.org/10.1002/wdev.399
http://doi.org/10.1186/s13619-021-00082-8


Biomimetics 2022, 7, 3 17 of 18

84. Joseph, U.; Su, Y.C.F.; Vijaykrishna, D.; Smith, G.J.D. The ecology and adaptive evolution of influenza A interspecies transmission.
Influ. Other Respir. Viruses 2016, 11, 74–84. [CrossRef]

85. Peiris, J.S.M.; de Jong, M.D.; Guan, Y. Avian Influenza Virus (H5N1): A Threat to Human Health. Clin. Microbiol. Rev. 2007, 20,
243–267. [CrossRef]

86. Neumann, G.; Noda, T.; Kawaoka, Y. Emergence and pandemic potential of swine-origin H1N1 influenza virus. Nat. Cell Biol.
2009, 459, 931–939. [CrossRef]

87. Hui, K.P.Y.; Ching, R.H.H.; Chan, S.K.H.; Nicholls, J.M.; Sachs, N.; Clevers, H.; Peiris, J.S.M.; Chan, M.C.W. Tropism, replication
competence, and innate immune responses of influenza virus: An analysis of human airway organoids and ex-vivo bronchus
cultures. Lancet Respir. Med. 2018, 6, 846–854. [CrossRef]

88. Zhou, J.; Li, C.; Sachs, N.; Chiu, M.C.; Wong, B.H.-Y.; Chu, H.; Poon, V.K.-M.; Wang, D.; Zhao, X.; Wen, L.; et al. Differentiated
human airway organoids to assess infectivity of emerging influenza virus. Proc. Natl. Acad. Sci. USA 2018, 115, 6822–6827.
[CrossRef]

89. Quantius, J.; Schmoldt, C.; Vazquez-Armendariz, A.I.; Becker, C.; El Agha, E.; Wilhelm, J.; Morty, R.E.; Vadász, I.; Mayer, K.;
Gattenloehner, S.; et al. Influenza Virus Infects Epithelial Stem/Progenitor Cells of the Distal Lung: Impact on Fgfr2b-Driven
Epithelial Repair. PLoS Pathog. 2016, 12, e1005544. [CrossRef] [PubMed]

90. Bhowmick, R.; Derakhshan, T.; Liang, Y.; Ritchey, J.; Liu, L.; Gappa-Fahlenkamp, H. A Three-Dimensional Human Tissue-
Engineered Lung Model to Study Influenza A Infection. Tissue Eng. Part A 2018, 24, 1468–1480. [CrossRef]

91. Branche, A.R.; Falsey, A.R. Parainfluenza Virus Infection. Semin. Respir. Crit. Care Med. 2016, 37, 538–554. [CrossRef] [PubMed]
92. Henrickson, K.J. Parainfluenza Viruses. Clin. Microbiol. Rev. 2003, 16, 242–264. [CrossRef] [PubMed]
93. Porotto, M.; Ferren, M.; Chen, Y.-W.; Siu, Y.; Makhsous, N.; Rima, B.; Briese, T.; Greninger, A.L.; Snoeck, H.-W.; Moscona, A.

Authentic Modeling of Human Respiratory Virus Infection in Human Pluripotent Stem Cell-Derived Lung Organoids. mBio 2019,
10, e00723-19. [CrossRef] [PubMed]

94. Deatly, A.M.; Lin, Y.-H.; McCarthy, M.; Chen, W.; Miller, L.Z.; Quiroz, J. Paramyxovirus Infection Mimics In Vivo Cellular Dynamics
in Three-Demensional Human Bronchio-Epithelial Tissue-Like Assemblies; NASA Johnson Space Center: Houston, TX, USA, 2012.

95. Malenovská, H. 3D rotating wall vessel and 2D cell culture of four veterinary virus pathogens: A comparison of virus yields,
portions of infectious particles and virus growth curves. J. Virol. Methods 2016, 228, 10–15. [CrossRef]

96. Scheltema, N.M.; Gentile, A.; Lucion, F.; Nokes, D.J.; Munywoki, P.K.; Madhi, S.; Groome, M.; Cohen, C.; Moyes, J.; Thorburn, K.; et al.
Global respiratory syncytial virus-associated mortality in young children (RSV GOLD): A retrospective case series. Lancet Glob. Health
2017, 5, e984–e991. [CrossRef]

97. Gu, J.; Korteweg, C. Pathology and Pathogenesis of Severe Acute Respiratory Syndrome. Am. J. Pathol. 2007, 170, 1136–1147.
[CrossRef]

98. Chen, Y.-W.; Huang, S.X.; De Carvalho, A.L.R.T.; Ho, S.-H.; Islam, M.N.; Volpi, S.; Notarangelo, L.D.; Ciancanelli, M.;
Casanova, J.-L.; Bhattacharya, J.; et al. A three-dimensional model of human lung development and disease from pluripo-
tent stem cells. Nat. Cell Biol. 2017, 19, 542–549. [CrossRef] [PubMed]

99. Goodwin, T.J.; Mccarthy, M.; Lin, Y.-H.; Deatly, A.M. Three-Dimensionally Engineered Normal Human Lung Tissue-Like Assemblies:
Target Tissues for Human Respiratory Viral Infections; NASA Tech. Paper; NASA Johnson Space Center: Houston, TX, USA, 2008.

100. Mcallister, N.V. Investigation of 3D Primary Human Airway Cell Culture as a Viable and Successful Model for Study of Respiratory
Syncytial Virus Infection and Antiviral Drug Treatment. Master’s Thesis, Harvard Extension School, Cambridge, MA, USA, 2020.

101. Mirabelli, C.; Jaspers, M.; Boon, M.; Jorissen, M.; Koukni, M.; Bardiot, D.; Chaltin, P.; Marchand, A.; Neyts, J.; Jochmans, D.
Differential antiviral activities of respiratory syncytial virus (RSV) inhibitors in human airway epithelium. J. Antimicrob. Chemother.
2018, 73, 1823–1829. [CrossRef] [PubMed]

102. Suderman, M.T.; McCarthy, M.; Mossell, E.; Watts, D.M.; Peters, C.J.; Shope, R.; Goodwin, T.J. Three-Dimensional Human Bronchial-
Tracheal Epithelial Tissue-Like Assemblies (TLAs) as Hosts for Severe Acute Respiratory Syndrome (SARS)-CoV Infection; NASA Tech.
Paper; NASA Johnson Space Center: Houston, TX, USA, 2006.
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